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ABSTRACT 

Recent  changes  i n  t h e  LM d e s c e n t  t r a j e c t o r y  and  
e x p e c t e d  f u t u r e  changes  p o i n t  t o  t h e  n e e d  of  a r a t i o n a l  
p r o c e d u r e  i n  t h e  t a r g e t i n g  of  such  t r a j e c t o r i e s .  

T h i s  work o u t l i n e s  a method for t h e  d e s i g n  of a 
v i s i b i l i t y  p h a s e  which conforms w i t h  a s e t  o f  c o n s t r a i n t s  
s i m i l a r  t o  t h o s e  u s e d  i n  t h e  A p o l l o  t r a j e c t o r y .  

I n  a d d i t i o n ,  a method for e x t e n d i n g  t h e  t a r g e t s  
o f  a b r a k i n g  p h a s e  f o r  an a d d i t i o n a l  t ime T i s  p r e s e n t e d .  
T o g e t h e r  w i t h  t h e  work of G .  L .  Bush and 0 .  R .  P a r d o  on 
a u t o m a t i c  t a r g e t i n g  of t h e  b r a k i n g  p h a s e ,  t h i s  comple t e s  
t h e  s o l u t i o n  of t h e  t a r g e t i n g  of a whole d e s c e n t  t r a j e c t o r y .  
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1 . 0  I N T R O D U C T I O N  

Recent  problems w i t h  t h e  LM d e s c e n t  t r a j e c t o r y  
l e d  t o  t h e  c o n s i d e r a t i o n  of a s i n g l e  phase  l a n d i n g ,  t h a t  
i s ,  t h e  d e l e t i o n  o f  h i g h  g a t e .  However, many of  t h o s e  i n -  
v o l v e d  i n  t h e  problem of  LM l a n d i n g  are n o t  convinced  t h a t  
a s i n g l e  phase l a n d i n g  i s  t h e  b e s t  s o l u t i o n  s i n c e  t h e  r educed  
s e n s i t i v i t y  to t e r r a i n  v a r i a t i o n s  i s  a c h i e v e d  a t  t h e  c o s t  o f  
i n c r e a s e d  d i s p e r s i o n s  d u r i n g  t h e  l a t e r  p a r t  of t h e  t r a j e c t o r y .  
Consequen t ly ,  i t  i s  b e l i e v e d  t h a t  some o t h e r  scheme may have 
t o  b e  deve loped .  

There i s  a l s o  t h e  problem of LM l a n d i n g  a t  s c i e n c e  
s i t e s  and t h e  a s s o c i a t e d  rough approach t e r r a i n ,  which w i l l  
p r o b a b l y  d i c t a t e  a d i f f e r e n t  d e s c e n t  t r a j e c t o r y  from t h e  one 
used  on e a r l y  A p o l l o  m i s s i o n s .  

Thus,  i t  i s  l i k e l y  t h a t  t a r g e t i n g  of  new t r a j e c -  
t o r i e s  w i l l  be  pe r fo rmed  more t h a n  once i n  t he  f u t u r e .  Wnile 

t h e  d e s i g n  of  t h e  v i s i b i l i t y  phase remained a t r a i l  and e r r o r  
p r o c e d u r e .  

a u t o m a t i c  t a r g e t i n g  o f  t h e  b r a k i n g  phase  h a s  been  accompl ished  (1) 

T h i s  work does n o t  propose  an au tomated  method of  
o p t i m i z i n g  a v i s i b i l i t y  phase  t a r g e t i n g .  It does ,  however,  
p r o v i d e  a method and a r a t i o n a l e  for t he  d e s i g n  o f  a v i s i -  
b i l i t y  phase  conforming w i t h  t h e  many c o n s t r a i n t s .  Using 
t h e  p r o c e d u r e  o u t l i n e d  below i t  i s  p o s s i b l e  t o  c o n s t r u c t  
w i t h i n  a few h o u r s  a v i s i b i l i t y  phase which would be compati-  
b l e  w i t h  a b r a k i n g  phase  and a l low f o r  good l a n d i n g  radar  
data a c q u i s i t i o n .  

I n  a d d i t i o n ,  a method for "ex tend ing"  t a r g e t s  i s  
p r o p o s e d .  The p o r t i o n  o f  t h e  b r a k i n g  phase  a f t e r  t h r o t t l e  
down has o c c u r r e d ,  i s  con t inued  for t s e c o n d s ,  p r o v i d i n g  
t a r g e t s  f o r  a new t r a j e c t o r y  which l as t s  approx ima te ly  t 
s e c o n d s  l o n g e r  b u t  which p a s s e s  a t  t = t t h r o u g h  a p p r o x i -  
m a t e l y  t h e  same s t a t e  v e c t o r  which was t h e  end of  t h e  o l d  
b r a k i n g  p h a s e .  Thus , t he  s w i t c h i n g  of the  t a r g e t s  cou ld  
o c c u r  a t  t = t ,  r e d u c i n g  t h e  s e n s i t i v i t y  t o  rough t e r r a i n .  

go  

go  
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T o g e t h e r  w i t h  G .  L .  Bush ' s  ( 1) and 0.  R .  P a r d o ' s  
work, t h e  m e t h o d i c a l  t a r g e t i n g  of a whole d e s c e n t  p h a s e  
( w i t h  o r  w i t h o u t  a " fa l se"  h i g h  g a t e )  becomes p o s s i b l e .  
The p r o c e d u r e  i s  t o  t a rge t  t h e  v i s i b i l i t y  phase  first. 
Then,  t o  use t h e  au tomated  p r o c e d u r e  proposed  b y  Bush and 
Pardo  t o  t a r g e t  a b r a k i n g  phase end ing  where t h e  v i s i b i l i t y  
phase b e g i n s .  If ex tended  t a r g e t i n g  ( f a l s e  h i g h  g a t e )  i s  
d e s i r e d ,  t h e  b r a k i n g  phase  t r a j e c t o r y  o b t a i n e d  above can 
b e  used t o  o b t a i n  t h e  new t a r g e t s .  

2 . 0  DESIGN OF A V I S I B I L I T Y  PHASE 

2.1 Q u a d r a t i c  Guidance (See Appendix A for s i g n s ,  c o o r d i n a t e s ,  
and t i m e  c o n v e n t i o n s )  

I n  q u a d r a t i c  gu idance ,  t h e  a c c e l e r a t i o n  i s  a second 
o r d e r  po lynomia l  o f  t h e  q u a n t i t y  t 
u n t i l  t h e  end of t h e  phase .  
c o o r d i n a t e )  can  b e  w r i t t e n  as 

which i s  t h e  t i m e  l e f t  
go'  

Thus t h e  a c c e l e r a t i o n  ( i n  e a c h  

(We s h a l l  a b b r e v i a t e  by w r i t i n g  t for t 

The v e l o c i t y ,  which i s  t h e  t i m e  i n t e g r a l  o f  t h e  a c c e l e r a t i o n  
can  be w r i t t e n  as a c u b i c  f u n c t i o n  of t i m e  

. )  See  Appendix B 
f o r  nomenc la tu re .  go 

v = v D +  AD 
5 t 2  + t -  2 

2 + C t 3  3 VD + A D t  t C 2 t  

and t h e  d i s t a n c e  AP f rom t h e  end p o i n t  of  t h e  phase  ( i n  any 
c o o r d i n a t e )  

2 . 2  The C o n s t r a i n t s  

The most r e s t r i c t i v e  c o n s t r a i n t  d u r i n g  t h e  v i s i b i l i t y  
p h a s e  i s  t h e  maximum r a t e  of d e s c e n t  as a f u n c t i o n  of a l t i t u d e .  
For  l a c k  of a r i g o r o u s  d e f i n i t i o n  of t h i s  c o n s t r a i n t  w e  are  
f o r c e d  t o  d e r i v e  i t  by i m p l i c a t i o n ,  f rom t h e  r e s t r i c t i o n  on 
t h e  h o r i z o n t a l  v e l o c i t y  as a f u n c t i o n  of t h e  r a n g e  and t h e  
f l i g h t  p a t h  a n g l e  (Page 5 ) .  
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I f  w e  c o n s i d e r  a t r a j e c t o r y  p a s s i n g  th rough  t h e  
p o i n t  Vz = 88 f p s ,  Z = 2,000 f t  ( h o r i z o n t a l  v e l o c i t y  v s .  
r a n g e  c o n s t r a i n t ) ,  and Vx = 88 f p s  x t a n  16" = 2 5 . 3  f p s  

and X = XD + 2,000 tan 16' = 570 + XD f t  (16O FPA c o n s t r a i n t ) ,  
w e  o b t a i n  one p o i n t  on t h e  A l t i t u d e  v s .  A l t i t u d e  r a t e  con- 
s t r a i n t .  The o t h e r  p o i n t  i s  t h e  f i n a l  c o n d i t i o n s  of t h e  
v i s i b i l i t y  phase,  i . e . ,  XD = 6 0  f t ,  Vx = 3 f p s .  
f i c a t i o n  w e  draw a l i n e  between the  two p o i n t s  on t h e  X ; X  

A s  a s i m p l i -  

phase p l a n e  and o b t a i n  F igu re  1. The s lbpe  o f  t h e  l i n e - i s  
25 .3 .  

To  b e  i n  t h e  r e g i o n  which does  n o t  v i o l a t e  t h e  
c o n s t r a i n t  AX - > 25.3 AVx. But 

Vx - VDx= AVx= A D X t  t C 2 t  2 + C 3 t 3  

W r i t i n g  t h e  i n e q u a l i t y  we o b t a i n  

L L 

S i n c e  a n  a n a l y t i c a l  s o l u t i o n  i s  d i f f i c u l t ,  w e  wr i t e  v a l u e s  
f o r  d i f f e r e n t  t and f r o m  T a b l e  A .  go  
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TABLE A 

(VxD = 3 f p s  XD = 60 f t )  

t =  C2 5 t h a n  
go 

10 -00178 - ,0926 ADX - 10.37 C3 

3 -00783 - ,0413 ADX - 21.47 C 20 

30 

40 

50 

-00633 - .O2278 ADX - 34.75 C3 

.00602 - .01163 ADX - 50.7 C3 

,00657 - .00175 ADX - 72.8 C3 

3 60 .00862 + .012 ADX - 117.7 C 

7 0  .01737 + .0523 ADX - 235.5 C3 

From p r e v i o u s  e x p e r i e n c e  w i t h  d e s c e n t  t r a j e c t o r i e s ,  
w e  know t h a t  a t  t h e  beg inn ing  of  t h e  v i s i b i l i t y  phase  t h r u s t  
a c c e l e r a t i o n  canno t  exceed  approx ima te ly  11 f p s 2  o r  " p u l s e  up" 
of  t h e  d e s c e n t  p r o p u l s i o n  system may o c c u r .  S i n c e  t h e  l u n a r  
g r a v i t a t i o n  i s  5.32 f p s 2 ,  and t h e  i n e r t i a l  a c c e l e r a t i o n  must 
be d i r e c t e d  n e a r l y  a l o n g  t h e  f l i g h t  p a t h ,  t h e  maximum a c c e l e r a -  
t i o n  d u r i n g  t h e  v i s i b i l i t y  phase  may n o t  exceed  2 .0  f p s 2  i n  t h e  

n 

X d i r e c t i o n  and 8 . 0  f p s L  in t h e  Z d i r e c t i o n  f o r  a f l i g h t  p a t h  
a n g l e  (FPA)  = 1 6 O .  

. 
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The FPA must remain between 12' and 20' f o r  t h e  
d u r a t i o n  o f  t h e  phase  and b e  a t  1 6 O  + 1' when t h e  r a n g e  (Z) 
i s  2 0 , 0 0 0  f t .  I n  a d d i t i o n ,  a t  2,000-ft  r a n g e ,  t must b e  

l a r g e r  t h a n  55 seconds  and V smaller t h a n  88 f p s .  (The Z 
r a t i o n a l e  f o r  c h o o s i n g  88 f p s ,  which i s  e x a c t l y  60  mph, i s  
n o t  v e r y  c l e a r  and s u g g e s t s  t h a t  a f e w  f p s  v i o l a t i o n  of t h e  
" speed  l i m i t "  w i l l  n o t  n e c e s s a r i l y  r e s u l t  i n  a t i c k e t . )  

go 

Other  c o n s t r a i n t s  are  imposed b u t  t h e y  a re  s a t i s f i e d  
a l m o s t  a u t o m a t i c a l l y  i f  a l l  t h e  above c o n s t r a i n t s  a r e  m e t .  

To i n s u r e  t h a t  t h e  FPA rema ins  a t  e x a c t l y  1 6 O  t h rough-  
o u t  t h e  v i s i b i l i t y  phase ,  the  f o l l o w i n g  c o n d i t i o n s  must be sa t i s -  
f i e d .  

- - - - - - - -  c3x  - VDx - t a n  16" ADX - c2x - 

*DZ 22  c3z 'DZ 
( 7 )  

These c o n d i t i o n s  canno t  a l l  be s a t i s f i ed  s i n c e  w e  a l r e a d y  know 
t h a t  VDz = 0 b u t  VDx i s  n o t ,  and t ha t  ADX = 0 b u t  ADZ i s  n o t  
n e c e s s a r i l y  e q u a l  t o  z e r o .  Thus,  d e v i a t i o n s  from t h e  nominal  
16' FPA may o c c u r  d u r i n g  t h e  l a s t  p a r t  of  t h e  v i s i b i l i t y  p h a s e .  

2 . 3  Some Design Tools 

The d e s i g n  of a v i s i b i l i t y  p h a s e  must b e g i n  b y  c h o o s i n g  
and C t h a t  do no t  v i o l a t e  t h e  d e s c e n t  r a t e  c o n s t r a i n t .  

When such  c o n s t a n t s  a r e  found, w e  may a t t e m p t  t o  s a t i s f y  o t h e r  
c o n d i t i o n s  s u c h  as keep ing  t h e  i n i t i a l  v e r t i c a l  a c c e l e r a t i o n  
w i t h i n  t h e  bounds p r e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n ,  or i n c r e a s i n g  
or d e c r e a s i n g  t h e  v e l o c i t y  or a l t i t u d e  a t  any p o i n t  i n  t h e  t r a j e c -  

now a t t e m p t  t o  d e f i n e  t h e  i n f l u e n c e  of  v a r y i n g  C 2  and C 

c 2 x  3x 

t o r y .  T h i s  i t e r a t i o n  p r o c e s s  i n v o l v e s  v a r i a t i o n s  i n  C 2 ,  C 3 '  We 
on  t h e  

t r a j e c t o r y  p a r a m e t e r s .  3 

The v i s i b i l i t y  phase t r a j e c t o r y  must p a s s  th rough  
a nomina l  p o i n t .  The nominal  p o i n t  ( 2 0 , 0 0 0  f t  r a n g e )  i s  
t h e  l a s t  p o i n t  where a 3,000 f t  r e d e s i g n a t i o n  i s  p o s s i b l e .  
V i s i b i l i t y  i s  needed  f o r  M s econds  p r i o r  t o  p a s s i n g  th rough  
t h a t  p o i n t  t o  a l low f o r  s e e i n g  the  o b s t a c l e  and f o r  d e c i d i n g  
a b o u t  t he  r e d e s i g n a t i o n .  The e q u a t i o n s  deve loped  below are  
v a l i d  on ly  f o r  such  a t r a j e c t o r y .  

avI d t I  avI 
a c3 a t I  dc3 dC3 dC3 + - - dVI = - 
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The nominal  p o i n t  t h r o u g h  which  t h e  LM must p a s s  
M s e c o n d s  a f t e r  t h e  b e g i n n i n g  o f  t h e  v i s i b i l i t y  phase  i s  
a t  a l t i t u d e  5 , 7 4 0  f t  ( 2 0 , 0 0 0  f t  t a n  16"). 

3 4 
C2tN C 3 t N  

+-T- 5,740 = V t t - 
D N  3 ( 9 )  

where t h e  s u b s c r i p t  N i s  a s s o c i a t e d  w i t h  q u a n t i t i e s  a t  t h e  
nomina l  p o i n t .  

dt,,  
11 can  be  found by d i f f e r e n t i a t i n g  ( 9 )  Thus,  - 

i m p l i c i t  l y  dC3 

Grouping  c o e f f i c i e n t s  o f  d t N  w e  o b t a i n ;  

(vD t A D t N  + C 2 t N  2 + C 3 t N 3 )  d t N  = V N d t N  

- -  d t N  - t N  .....................................*(lo) 
4 

dC 3 

S i n c e  t h e  p h a s e  b e g i n s  i n  any c a s e  for e x a c t l y  M s econds  b e f o r e  
p a s s i n g  t h r o u g h  t h e  nominal  p o i n t  

s i n c e  t I  - tN = M = c o n s t .  - = -  d t N  dtI 

dC3 dC3 

Also, 
- -  avI 3 
a c 3  - t I  

avI 

a t I  AI - =  

Thus ( 8 )  may b e  w r i t t e n  as 

t N  4 'I) 

- - - 7 q -  dC3 
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where : dVI is the change in initial phase velocity 

tI is the duration of the phase on the previous 
iteration 

tN is the time from passing through the nominal 
altitude to end of phase on previous iteration 

VN is the velocity when passing through the 
nominal altitude on previous iteration 

AI is the acceleration at phase initiation on the 
previous iteration 

3 '  dC is the change in C 3 

By exactly the same procedure and the same notation 
we obtain: 

Precisely the same formulation holds for the Z direction. Even 
though the expression f o r  VN is different, it is easily verified 
that the expressions (11) - (14) are true also for the range 
component. 
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Thus ,  g i v e n  a des i red  change  i n  t h e  i n i t i a l  p o s i t i o n  
o r  v e l o c i t y  i t  i s  p o s s i b l e  t o  f i n d  t h e  n e c e s s a r y  change i n  C 2  
and  C t o  a c c o m p l i s h  t h a t  change.  

2 . 4  Scme G e n e r a l  O b s e r v a t i o n s  and Des ign  Ru les  

The e x a c t  c h o i c e  of C 2  and  C i n  t h e  X d i r e c t i o n  

i s  an  i n t u i t i v e  p r o c e s s .  Reasonab le  v a l u e s  may b e  
p i c k e d  o u t  of T a b l e  A and checked for compl i ance  
w i t h  t h e  A l t i t u d e  v s .  A l t i t u d e  r a t e  c o n s t r a i n t .  
I n  g e n e r a l ,  i t  i s  p r e f e r a b l e  t o  i n c r e a s e  C2 r a t h e r  
t h a n  C t o  minimize t h e  i n i t i a l  a c c e l e r a t i o n .  C 2  

i s  i n c r e a s e d  u n t i l  v i o l a t i o n  of t h e  d e s c e n t  r a t e  
c o n s t r a i n t  o c c u r s  or t h e  i n i t i a l  phase  a c c e l e r a t i o n  
l i m i t  i s  exceeded .  C s h o u l d  be  l a r g e r  t h a n  z e r o  
o n l y  if v i o l a t i o n  o f  t h e  f o r m e r  o c c u r s  f i r s t .  

Changing C 2  i n f l u e n c e s  t h e  end of t h e  phase as  w e l l  
as i t s  b e g i n n i n g .  Changing C i n f l u e n c e s  p r i m a r i l y  
t h e  b e g i n n i n g  o f  t h e  phase  ( l a r g e  t ) .  

The t a r g e t i n g  o f  t h e  t r a j e c t o r y  i n  t h e  Z d i r e c t i o n  
(downrange)  can  s t a r t  a f t e r  t h e  t a r g e t i n g  of  t h e  X 
d i r e c t i o n  i s  comple ted .  

3 

1. 3 

3 

3 

2. 

3 
g o  

3 .  

We can  s t a r t  by l e t t i n g  

- o ; - - - -  c2x - c3x - t a n  16O. 
n 

'DZ - c 2 z  c3z 

4 .  We must  d e f i n e  A D Z .  S i n c e  t h e  r a t i o  i s  t h e  dominant  
2 2  - 

f r a c t i o n  i n  t h e  t r a j e c t o r y  i t  s h o u l d  r ema in  unchanged.  
ADZ i s  now i n c r e a s e d  u n t i l  v i o l a t i o n  of  e i t h e r  

( a )  t h e  2 , 0 0 0  f t  r a n g e  v e l o c i t y  and t c o n s t r a i n t ,  or go 

( b )  t h e  i n i t i a l  Z a c c e l e r a t i o n  l i m i t  o c c u r s .  
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3z G e n e r a l l y  ( a )  i s  v i o l a t e d  f i r s t .  I n c r e a s i n g  C 

can  now c a u s e  t h e  t r a j e c t o r y  t o  b e  f l a t t e r  i n  t h e  
b e g i n n i n g  of t he  phase  and t h e  downrange i n i t i a l  
v e l o c i t y  t o  i n c r e a s e .  
a l l o w a b l e  v a l u e  when ( b )  i s  j u s t  v i o l a t e d .  

a t t a i n s  i t s  maximum c3z 

The t a r g e t i n g  o f  t h e  v i s i b i l i t y  phase  i s  now comple t ed .  

2 .5  Example - Design of a V i s i b i l i t y  Phase f o r  a " F a l s e  High 
Gate"  T r a j e c t o r y  

We f i r s t  d e f i n e  t h e  maximum a l l o w a b l e  C 2 x .  

Using t r i a l  and e r r o r  and t h e  A l t i t u d e  v s .  A l t i t u d e  
r a t e  c o n s t r a i n t  c u r v e  we f i n d  t h a t  C 2  can  be  i n c r e a s e d  t o  
.005 f o r  VD = 3 . 0  f p s  and XD = 60 f t .  With C 2  = .005 and 
C 3  = 0 t h e  LM p a s s e s  th rough  t h e  nominal  p o i n t  a t  t 
s e c o n d s .  

= 144.3 
go 

Thus f o r  M = 50 seconds  t h e  phase  d u r a t i o n  i s  1 9 4 . 3  
s e c o n d s .  The i n i t i a l  a c c e l e r a t i o n  i n  t h e  X d i r e c t i o n  i s  
1 . 9 4 3  f p s 2 ,  v e r y  n e a r  t o  t h e  l i m i t  of  1 . 9 6  f p s 2 .  
keep  C = 0 .  

Thus w e  

3x 

c3z 

c3z = 0 .  

The maximum a l l o w a b l e  ADZ i s  a p p r o x i m a t e l y  .4 fps 2 

For t h e  f i r s t  i t e r a t i o n  f o r  t h e  v a l u e s  of C 2 z ,  
w e  choose  C 2 z  = C2X/tan 16O = .01744 

o r  t h e  maximum v e l o c i t y  f o r  2,000 ft r a n g e  w i l l  b e  exceeded ,  
However, t h e  v e l o c i t y  a t  t h e  b e g i n n i n g  o f  t h e  phase  i s  q u i t e  
s m a l l  and c o u l d  b e  improved by i n t r o d u c i n g  some p o s i t i v e  v a l u e d  
c 3 z *  

A f t e r  a few i t e r a t i o n s  t h e  f o l l o w i n g  c o n s t a n t s  a re  
found t o  s a t i s f y  t h e  c o n s t r a i n t s :  

ADZ = . 25  

= . 01744  c 2 z  

c3z = .ooooog.  
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When these  v a l u e s  a re  t r a n s l a t e d  i n t o  t h e  u s u a l  
t a r g e t i n g  parameters we o b t a i n  f i n a l  c o n d i t i o n s  

T = 1 9 4 . 3  seconds  VDX = 4 .5  f p s  
go 

JDZ = ,03488 f p s 3  
VDZ = 0 

PDZ = 0 

PDX = g o  f t  

2 = . 2 5  f p s  

ADX = 0 

and i n i t i a l  c o n d i t i o n s  

VxI = 1 8 7 . 2  f p s  

= 12,862 f t  p x I  
VzI = 772.99 f p s  

pZI = 50,568 f t  

= 1 . 9 4 3  f p s  2 
A X I  
AZI = 8.046 f p s  2 

2 l A I l  = 8.0462 t ( 1 . 9 4 3  t 5 . 3 2 ) 2  = 10 .84  f p s  

3.0 EXTENDING TARGETS OF A B R A K I N G  PHASE 

3 . 1  The Method 

phase one must t a rge t  a l s o  a matching  b r a k i n g  phase.  

e x i s t i n g  program'') can a s s i s t  i n  the  t a r g e t i n g  on ly  i f  t h e  
t a rge t  p o i n t  o f  t h e  braking phase i s  a l s o  t h e  p o i n t  a t  which 
t h e  s w i t c h i n g  t o  t h e  new t a r g e t  ( o f  t h e  v i s i b i l i t y  phase)  
o c c u r s .  

I n  c o n j u n c t i o n  w i t h  a " fa l se  h igh  gate" v i s i b i l i t y  
The 
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However, i n  " f a l s e  h i g h  gate"  t r a j e c t o r y  t h e  LM 
s w i t c h e s  i t s  a i m  p o i n t  ( i . e , ,  t a r g e t i n g  p a r a m e t e r s )  a t  t i m e  
T ( t h e  s w i t c h o v e r  p o i n t )  p r i o r  t o  r e a c h i n g  t h e  b r a k i n g  p h a s e  
a i m  p o i n t .  Thus,  w e  must f i n d  b r a k i n g  phase  t a r g e t s  which 
would c a u s e  t h e  LM t o  p a s s  t h r o u g h  t h e  " swi t chove r"  p o i n t  
w i t h  t h e  i n t e n d e d  v e l o c i t y  and a c c e l e r a t i o n  a t  t = T .  Such 
t a r g e t s  can  be d e f i n e d  by f o l l o w i n g  t h e  p r o c e d u r e  o u t l i n e d  
below.  

go 

We f i r s t  employ the  e x i s t i n g  program t o  o b t a i n  
t a r g e t  p a r a m e t e r s  f o r  the  s w i t c h o v e r  p o i n t .  That i s ,  w e  
assume tha t  t h e  s w i t c h o v e r  p o i n t  i s  t h e  r e a l  end p o i n t  o f  
t h e  b r a k i n g  p h a s e .  After r u n n i n g  a nominal  t r a j e c t o r y  w e  
o b t a i n  t h e  p o s i t i o n  and v e l o c i t y  a t  t = 0 and a t  any o t h e r  
two t I s  a f t e r  t h r o t t l e  down has o c c u r r e d .  We u s e  these  da ta  
and t h e  d e s i r e d  a c c e l e r a t i o n s  ( a t  t 

go 
go 

= 0) t o  d e f i n e  C 2  a 
C i n  e a c h  c o o r d i n a t e .  S ince  go 

3 

where AVl and  AV2 are t h e  changes I n  v e l o c i t y  between t h e  

two p o i n t s  above and t h e  swi t chove r  p o i n t .  S i n c e  AV; t go and AD and known C 2  and C can  be determined,  3 

Once t h e s e  two pa rame te r s  have  been  d e t e r m i n e d ,  t h e  
approx ima te  t a r g e t s  f o r  t h e  "ex tended"  t r a j e c t o r y  can  be f o u n d ,  
L e t  T b e  t h e  t ime  added t o  t h e  b r a k i n g  p h a s e .  

JD = JT t ST 

jT = J~ - ST ...................................( 17) 
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A D = A  t J T T t S F  T2 
T 

AT = AD - J T T  - 

AT = AD - ( J D  - S T ) T  - S 7 T2 

1 2  
2 AT = AD - J D T  + - S T  ...........................( 1 8 )  

T2  T3 
5 = VT t A T + JT 7 + S vD T 

T2  T3 
VT = VD - ATT - J T T - S C  

1 2  T2 T3 T3 
s 5  VT = VD -(AD - J D T  t 7 ST ) T  JD T + S 7 - 

VT = VD - ADT t JDT 2 ( -  7 1 1 3  t - )ST - J D 7 - S ~  T2  
T3 

2 

VT = VD - ADT t JD 7 T2 - 5 1 ST 3 ....................( 19) 

T2 T3 T 4  

T2 T3 T 4  

PD = PT t VTT + AT 7 ' JT 6 t s m  

A~ 7 - J~ 5 - DT PT = PD - VTT - 

S 2 TC - - J D T + ~ T ) -  2 

A ~ T '  J ~ T '  ST 4 
PT = PD - VDT i- - - 6 + n  ............ ( 2 0 )  2 
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in terms of C 2  and C 3 ;  JD = 2 C 2 ,  S = 6c3.  

( 1 7 ’ )  JT = 2 C 2  - 6C3T 

AT = AD - 2C2T + 3C3T 2 

(19’) VT = VD - ADT + C2T 2 - C3T 3 

3 . 2  Examples: Extending Targets by 20 Seconds 

at t = 1 1 5 . 6 3 1  seconds: 
Using the targeting scheme of Reference 1 we obtain 

go 

= .57246082 x l o 7  ft p X  

Pz = -.1235467O x 1 0  6 ft 

Py = 0 

Vx = - . l o 4 7 8 7 1 0  x 1 0  3 f p s  

Vz = .13654184 x l o 4  fps 

vy = 0 
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and  a t  t = 0 
go 

XD = ,5707395 x l o 7  ft 

YD = 0 

ADY = 0 

= -8 .78  f p s  2 
ADZ 

Using e q u a t i o n s  ( 1 5 )  and ( 1 6 )  w e  o b t a i n  

= -.00002492 c3z  

= .40092 f p s  2 

c~~ = +.OO28968 

Us ing  e q u a t i o n s  ( 1 7 > ,  (18), ( 1 9 1 ,  and  ( 2 0 )  w e  o b t a i n  

AXT 

VXT = -141.80 f p s  

= 5704477 f t  xT 

3 = t .008784 f p s  JTZ 
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= -8 .63422 f p s  2 
ATZ 

VTz = 1 7 5 . 7 6  f p s  

ZT = -18747 .3  f t  

The t a r g e t s  computed by t h i s  method a r e  a f i r s t  
i t e r a t i o n  i n  a p r o c e d u r e  which l e a d s  t o  t h e  f i n a l  t a r g e t s .  
I n  t h e  example above,  u s i n g  t h e  computed t a r g e t s ,  we found 
t h a t  s l i g h t  d e v i a t i o n s  f r o m  t h e  i n t e n d e d  s t a t e  v e c t o r  a t  T 
= 20 o c c u r r e d .  These d i f f e r e n c e s  (summarized i n  T a b l e  B) 
were judged  t o  r e s u l t  from t h e  p e r i o d  when t h e  a c t u a l  t h r u s t  
and  t h e  computed t h r u s t  a r e  n o t  t h e  same, i . e . ,  p r i o r  t o  
t h r o t t l e  down. A s  s e e n  i n  T a b l e  B, t h e  d i s c r e p a n c y  i s  i n  
t h e  v e r t i c a l  v e l o c i t y .  
f rom -141.8  t o  -147 .8  l e d  t o  an  a lmos t  p e r f e c t  agreement  i n  
t h e  " swi t chove r"  h i g h  g a t e  s t a t e  v e c t o r .  

A d j u s t i n g  t h e  t a r g e t  v e r t i c a l  v e l o c i t y  

A second t e s t  of t h i s  p r o c e d u r e  was c a r r i e d  o u t .  
A d i f f e r e n t  t r a j e c t o r y  s imi la r  t o  t h e  o l d  two phase  d e s c e n t  
t r a j e c t o r y  was ex tended  by 50 s e c o n d s .  

Using t h e  f o l l o w i n g  d a t a  

vZ = 561.3 f p s  

2 
AXD = -1 .454 fpS 

= - 9 . 8 2 9  10-3 fps2  JDZ 

a t  t = 110.667 
go 

X = 5 , 7 2 2 , 4 2 6 . 0  f t  

Z = - 1 4 4 , 9 8 7 . 1  f t  

Vx = -24.834 f p s  

Vz = + 1 4 6 2 . 4 4  f p s  

AX = t 3 . 5 8 8  f p s  2 
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we computed 

C2x = t.009297 C2z = -.OOg829 

= -.000031421 c3z C3x = -.0000645 

from which the new targets were computed to 

JTz = -.0192553 fps 3 

be 

745 fps2 

= -263.3 fps 'TX 

= 15,642.1 ft xT = 5,701,716.0 ft zT 

Again, as shown in Table C, slight discrepancies 

After a single iteration (VTx changed to -266 fps; 
resulted this time in both the vertical and downrange veloc- 
ities. 

to +l5O fps) the errors were almost nulled (Table C). 'T Z 
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TABLE B 

STATE VECTORS 

INTENDED FIRST TRIAL FIRST CORRECTION 

X 

Z 

vX 

vZ 

5714873.6 

50698 

-160.7 

772 

TIME 469 

THROTTLE 
TIME 119.6 

ALTITUDE 12703 

5711523. a 
-36691.2 

-155.7 

789.0 

489 9 

9246 

5715091.5 

50515.7 

-160.8 

769 

469 
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TABLE C 

STATE VECTORS AT H I G H  GATE 

INTENDED FIRST TRIAL F I R S T  CORRECTION 

X 5711985.8 

Z -33077 

-159.4 vX 

vZ 561.2 

TIME 500.6 

THROTTLE 118. 6 
T 

ALTITUDE 9687 
go 

5711508.3 

-31778 

-156.8 

541.8 

501 9 

63.3(-50=1 

9201 

5711633.6 

-32719 

-159.4 

561.5 

499.9 

-3) 161.6(-50=111.6) 

9332 
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APPENDIX A 

SIGNS, COORDINATES, AND TIME CONVENTIONS 

The coordinate system used in this work is the 
usual guidance coordinate system with the sign of the Z 
coordinate changed. In this system the X coordinate is 
in the radial direction piercing the landing site contin- 
uously and the Z is in the uprange direction, orthogonal 
to the X. The time is considered positive in the sense 
of increasing IT I .  That means that the LM is viewed as 
lifting off from hover through high gate and further towards 
PDI. However, we still refer to the "beginning" and "end" 
of a phase in the conventional meaning, i.e., in the order 
they occur in the actual flight. 

go 



.. 
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APPENDIX B 

NOMENCLATURE 

X Y Z  

v 
- 
A 

- 
J 

- 
S 

T 

M 

c2x c 2 z  

c3x c3z 

S u b s c r i p t s  

D 

T 

N 

I 

A r i g h t  hand t r i ad  as i n  Appendix A 

V e l o c i t y  

A c c e l e r a t i o n  

- 
d A  J e r k  dt 

d 7  Snap - d t  

Time of e x t e n s i o n  of  t h e  b r a k i n g  p h a s e  

D u r a t i o n  o f  f l i g h t  from b e g i n n i n g  o f  
v i s i b i l i t y  p h a s e  t o  p a s s a g e  t h r o u g h  t h e  
nominal p o i n t  

C o n s t a n t s  of q u a d r a t i c  g u i d a n c e  ( 2 J D x ;  2 J D z )  

Cons tan t s  (6Sx; 6 S z )  

Des i red  q u a n t i t i e s  a t  t h e  end of  a p h a s e  

Des i r ed  q u a n t i t i e s  a t  end of ex tended  phase 

Q u a n t i t i e s  a t  a nominal  p o i n t  which must l i e  
i n  t h e  t r a j e c t o r y  

I n i t i a l  c o n d i t i o n s  o f  any p h a s e .  
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